Abstract-The Cu migration behavior in PVD-CdS/PVDCu(In,Ga)Se 2 (CIGS) heterojunctions is investigated by highresolution electron microscopy (HREM) and energy dispersive X-ray spectroscopy (EDS). Incorporation of Cu into the CdS forms Cu-rich domains but has no effect on epitaxy of the CdS. Epitaxy is commonly observed in the CdS studied. Secondary ion mass spectroscopy depth profiles confirm the presence of Cu in the CdS. In some cases, Cd is completely replaced by Cu, resulting in a Cu-S binary compound epitaxially grown on the CIGS and fully coherent with the surrounding CdS. This is most likely to be cubic Cu 2 S, based on lattice spacing measurements from HREM images and EDS elemental quantification. In addition, we find that the buffer layer crystal structure influences the extent of Ga depletion at the CIGS surface, which is more pronounced adjacent to zinc-blende CdS than wurtzite CdS. Density functional theory calculations reveal that Cu clustering and different Ga depletion widths can be attributed to the inherent anisotropy of wurtzite CdS and differences in CIGS point-defect migration barriers. Understanding the influence of these effects on device properties is a critical step in developing more efficient CdS/CIGS-based photovoltaics.
Intermixing and Formation of Cu-Rich Secondary Phases at Sputtered CdS/CuInGaSe 2 Heterojunctions results for the physical-vapor-deposited CdS studied here with chemical-bath-deposited CdS, and explanation of the observed anisotropy of Cu-rich layers in the CdS, as well as the differences in Ga depletion of the CIGS surfaces between the junctions formed with zinc-blende (zb) and wurtzite (wz) CdS.
Thin film solar cells based on Cu(In,Ga)Se 2 (CIGS) absorbers have gained wide attention for several decades due to their steady increase in solar conversion efficiency [2] [3] [4] . Normally, a thin n-type CdS buffer layer is deposited to protect the CIGS surface from sputtering damage by subsequent ZnO deposition and to form a p-n heterojunction with the p-type CIGS. Chemical bath deposited (CBD) CdS is the most widely adopted material to produce high-efficiency CdS/CIGS solar cells. The main drawback associated with the CBD process is its incompatibility with the other vacuum-based film deposition procedures used to make the solar cells. From the viewpoint of large-scale manufacturability, a vacuum compatible method, such as physical vapor deposition (PVD), would be more desirable if PVD-CdS/CIGS could deliver competitive efficiencies compared with its CBD counterpart. Unfortunately, it had been recognized for many years that PVD-CdS/CIGS solar cells often exhibited inferior efficiency, which may be explained by different behaviors of elemental intermixing across the CdS/CIGS heterojunctions [5] . Over the past few years, MiaSolé has demonstrated competitive thin-film module efficiencies in manufacturing [6] , and recently a PVD-CdS/CIGS flexible solar module with an aperture area of 7583 cm 2 from MiaSolé manufacturing facility demonstrated 16.3% efficiency under the global AM1.5 solar spectrum (999.3 W/m 2 ) (measured by Fraunhofer ISE) [7] . Thus, understanding the structural and chemical characteristics of the PVD-CdS/CIGS heterojunction is important and critical for further optimization of the device performance.
There have been many studies of polycrystalline CIGS thin films by electron microscopy that show various structural defects, e.g., grain boundaries [8] [9] [10] [11] [12] , surface layers [13] , and chemical-fluctuation-induced domains [14] . However, few microscopy studies have focused on characterization of PVDCdS/CIGS heterojunctions. Previous work from our group [15] showed that the PVD process could result in large domains of both zb and wz-CdS (several hundreds of nanometer or sometimes micrometer) grown epitaxially on the CIGS surface. In addition, preliminary scanning transmission electron microscopy (STEM)-energy dispersive X-ray spectroscopy (EDS) line profiles across the PVD-CdS/CIGS heterojunction revealed Cu migration from the CIGS into the CdS up to 20 nm from the heterointerface. This indicates that, like CBD-CdS [16] [17] [18] , there is significant elemental intermixing across the PVD-CdS/CIGS heterojunction.
In this paper, using STEM-EDS spectrum imaging, we obtained elemental maps with high signal-to-noise ratio and show that there are Cu-rich layers in the CdS, even more so than in CBD-CdS. We further confirmed the Cu migration into the CdS layer by SIMS depth profiles. We found Cu-rich layers that show a tendency to be parallel to the interfaces in both wz-CdS and zb-CdS. We additionally found Ga depletion in the zb-CdS/CIGS to be more significant than in wz-CdS/CIGS heterojunctions. Our findings were corroborated by electronic structure calculations that explain the observed Cu-rich domains and Ga intermixing profiles in wz-CdS and zb-CdS in terms of their migration barriers and formation energies.
II. EXPERIMENTAL AND THEORETICAL METHODS
All layers that comprise the MiaSolé devices studied here were deposited sequentially onto a flexible stainless steel substrate in a single pass in an all-PVD process system. One difference of this approach compared with most other manufacturing methods is the replacement of the CBD CdS layer with a PVDCdS deposition.
For comparison, stainless steel samples coated up to the CIGS absorber step identically to those with PVD-CdS were removed from the deposition tool and coated with CdS by CBD. The CBD process was performed in an aqueous solution of CdSO 4 , NH 2 CSNH 2 , and NH 4 OH at a temperature of 65°C for 16 min. The samples were rinsed in water, dried, and finished with ZnO deposition sequence following a process similar to that used for the PVD samples. Every effort was made to ensure that the samples with CBD-CdS were as nearly identical to those with PVD-CdS as possible.
All of the transmission electron microscopy (TEM) samples described were prepared by a lift-out method in an FEI Helios Nanolab 600i focused ion beam (FIB) instrument at room temperature. The initial rectangular lamella was 20 μm in length, 2 μm in width, and 7 μm in height and was thinned down to 1 μm in "cleaning cross section pattern mode" using 30 kV Ga ions with 230 pA beam current and beam incident angle relative to the sample surface set to ±1.5
• . The sample was further polished down to 500 nm using 16 kV Ga ions with 150 pA beam current, then down to 250 nm using 8 kV Ga ions with 66 pA beam current and beam incident angle set to ±1
• , and finally down to 100 nm with 5 kV Ga ions at 15 pA beam current. Finally, the sample was cleaned by 2 kV Ga ions followed by 1 kV at 9 pA beam current in rectangular pattern mode. Relatively small beam currents were used throughout the polishing process to reduce the effect of Ga ion beam heating on the intrinsic nature of the devices. We compared the TEM results obtained from both FIB-prepared samples and cross-sectional TEM samples prepared by Ar-ion milling on the Gatan Cryo PIPS from the same set of samples. Good consistency was found, suggesting our FIB preparation procedure does not significantly alter the nature of the samples.
All the TEM samples were put into a dedicated TEM sample preservation capsule that is filled with N 2 to protect the samples from being gradually oxidized in the air. Before TEM analysis, all samples were put into a Fischione Model 1040 NanoMill specimen preparation system for final ion milling (Ar ion beam, 0.5 keV, 120 μA) to minimize the Ga-induced amorphous layer and Ga ion implantation from the FIB milling. STEM-EDS maps were acquired in an FEI Titan TEM operating at 200 kV at the National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Lab. The EDS detector is a Super-X quad windowless detector with a collection solid angle of 0.7 sr, enabling elemental mapping typically in several minutes. The K emission lines were utilized for all the elements in EDS maps and quantification. The EDS quantification is based on a standardless Cliff-Lorimer method with spectral deconvolution employed after subtraction of background to improve the accuracy of peak fitting. Before acquiring EDS maps, the heterojunctions were oriented to a CIGS [021] zone axis where clear high-resolution TEM images of the heterointerface could be recorded without any indication of overlap between the CIGS grains and the CdS layers to ensure that the interface was parallel to the electron beam.
SIMS measurements were performed in two instruments, a Cameca IMS-5f conventional SIMS instrument and in a PHI TRIFT III time of flight instrument. The results reported here are from the Cameca, but similar data were obtained using the TRIFT III with better mass resolution and all masses recorded, but lower signal-to-noise ratio. The Cameca measurements were taken in positive secondary ion mode using a Cs + primary beam. The Cameca data show mass interferences between some signals such as O 2 and S, and Zn and S 2 . These were corrected based on comparison with the TRIFT III data as follows. The 32AMU signal consisted of 60% S and 40% O signal. The 155 AMU signal (Cs + S) included 4% Cs + O 2 . Therefore, the 155 AMU signal was taken to represent primarily S and was used to remove the S contribution from the 32 AMU signal to yield an O profile. The resulting 32 AMU signal was used to remove the minor component of O contribution to the 155 AMU signal to yield a corrected S profile. The 155 AMU signal was also used to remove 20% of the 64 AMU that apparently resulted from S 2 , yielding the Zn profile. A five point moving average was used to further reduce noise in all of the profiles. The resulting profiles were consistent with the TRIFT III data but with improved signal-to-noise ratio.
Calculations of migration barriers for CIGS-related impurity point defects within CdS were performed using density functional theory (DFT) with the HSE06 screened hybrid functional [19] . The core states of the atomic wave functions were described with the projector augmented wave method [20] as implemented in the VASP code [21] , [22] . Migration barriers along different crystallographic directions were calculated using the nudged elastic band method [23] , using the same methodology as described in [24] ; thus, the results represent upper bounds for the migration barriers. We use a 96-atom supercell to represent wz and a 64-atom supercell for zb-CdS. For both phases, we used a 2 × 2 × 2 mesh of Monkhorst-Pack k-points for Brillouin zone integrations and an energy cutoff of 400 eV for the plane-wave expansion of Kohn-Sham states. The atomic geometries for all defects were optimized until forces were converged within 0.03 eV/Å, and spin-polarization effects were included. The charge states for each defect were chosen based on the most favorable configurations in n-type CdS: Cu
and V

−2 Cd
[24], [25] . Due to the similarity in the calculated defect formation in the wz-and zb-CdS phases for n-type conditions, differences in the activation energies follow directly from a comparison of the calculated migration barriers. Fig. 1 displays representative HREM images of the zb-CdS phase and wz-CdS on the CIGS surface. As shown in Fig. 1(a) , the zb-CdS grew as an epitaxial single crystal on the CIGS surface throughout its entire thickness within the area of this image, with some stacking faults along {1 1 1}-type planes. For the zb-CdS and CIGS studied here, the lattice constants are very close, with a measured value of a = 0.570 nm for zb-CdS, within 0.35% of the CIGS "a" lattice constant. The slight misfit strain permits completely coherent epitaxy of CdS on the CIGS surface through the whole process of film growth. Fig. 1(b) shows comparable sized domains of wz-CdS that also grew uniformly as (local) single crystals on the CIGS surface, despite the formation of a large number of stacking faults along the (0 0 0 1) planes that are parallel to the heterojunction. Careful examination indicates that there are some atomic terraces along the interface, as indicated by the dotted lines, similar to those reported previously for these samples [15] . The presence of these interfacial terraces are believed to permit a substantial relaxation of the strain in the wz-CdS lattice without the need for misfit dislocations away from the steps [15] . The epitaxial relationships for both phases have been reported previously [15] .
III. EXPERIMENTAL RESULTS
To further explore the relationships between surface orientation and properties of the interface, we performed EDS analysis of the interfaces for both zb-CdS/CIGS and wz-CdS/CIGS grains. Fig. 2 shows STEM-EDS maps acquired from a region that contains that shown in Fig. 1(a) . The most apparent feature is the uniform Cu-rich layer on the CIGS surface throughout the field of view. By comparing the EDS maps with the lattice image in Fig. 1(a) , we find that the Cu enrichment roughly occurs in the region where stacking faults are found, suggesting that incorporation of Cu may cause some minor strain due to its substitution for Cd. Despite the stacking faults, epitaxy is still conserved. Fig. 2(a) also shows that the maps of Ga and Se coincide well, indicating an abrupt heterojunction. Careful inspection of Fig. 2(b) and (c) suggests a Cu deficient layer in the CIGS, as highlighted by the oval in Fig. 2(b) , where an apparent decrease in the Cu signal between the Cu-rich layer and the CIGS appears filled by excess Cd. More detailed analysis of the Cd doping on the CIGS surface will be the focus of a future paper. In Fig. 2(c) , we observe a layer of Cu-rich domains present within the zb-CdS layer, the surface of which is approximately parallel to the (0 0 1) plane of the zb-CdS.
Quantifying the EDS results indicate the atomic fraction of Cu in this domain to be ∼14.2 at% (atomic percent). No In, Ga, or Se content is observed within the sensitivity limits of EDS in these Cu-rich regions. A quantified line profile extracted along the white rectangular box in Fig. 2(c) is shown in (d) . The re- face as well, which is also not shown for clarity. If O is taken into account, the total anion concentration in the CIGS and CdS is ∼50% atomic ratio. The O doping of the CIGS surface could be associated with exposure to the sputtering gas that contains O 2 and Ar during the PVD deposition of CdS. The effect of O-doped CIGS on the characteristics of the heterojunction remains unclear and needs to be understood further. Fig. 3 presents the corresponding elemental maps for the wzCdS/CIGS interface from the grain shown in Fig. 1(b) . As in the case of zb-CdS, there is a Cu-rich layer in CdS with no Se and Ga present, suggesting simple Cu replacement of Cd in the CdS. There is also some indication of O signal near the CIGS surface, as was the case for zb-CdS. No clear decrease in Ga Fig. 3(b) . The region to the left of the vertical dotted line is effectively pure CIGS. No pronounced Ga depletion is found contrary to the case of zb-CdS. near the heterojunction was observed, in contrast to the case of zb-CdS, indicating higher barriers for Ga incorporation into wz-CdS. We will show in Section IV that this is consistent with the larger barriers calculated for Ga migration in the wz phase. The surface of the Cu-rich layer shows a tendency to be parallel to the (0 0 0 1) plane of the wz-CdS. This indicates that (0 0 0 1) close-packed polar planes are preferred migration channels for Cu in wz-CdS. This is also consistent with the calculated diffusion barriers of Cu in CdS and discussed in more detail in Section IV.
The observations presented here in Figs. 1-3 have been repeated in multiple TEM specimens prepared from different regions of the same MiaSolé sample and also from different MiaSolé samples produced under similar deposition conditions. The behaviors of Cu reported here were consistent across all specimens, confirming the generality of the results, which were not isolated to single TEM specimens.
We also obtained EDS maps on CBD-CdS/CIGS heterojunctions for comparison. The only difference of the CBD-CdS/CIGS samples compared with the PVD-CdS/CIGS is the deposition step for CdS. Fig. 4 shows the results, where Cu is seen to extend beyond Se. This observation is consistent with the results reported by Nadenau et al. [17] and suggests similar chemical transfer processes between CBD and PVD deposition of CdS that can promote Cu migration from CIGS into CdS. In general, the Cu in the CBD material is less well organized into a clear layer, as was observed in the PVD material. Rather, the Cu in the CBD-CdS is distributed in a more patchy manner, consistent with the nanocrystalline nature of CBD-CdS, which favors more isotropic transfer of Cu.
The composition measurements by STEM-EDS were further corroborated by the SIMS analysis of the materials. Because SIMS measures atomic concentrations over large areas, it is less susceptible to observation of a rare phenomenon that only occurs in a very localized region studied in the electron microscope. Analysis of the films described above showed strong Cu signal in the majority of the CdS layer. Ascribing a quantitative difference in depth of penetration depends somewhat on how the SIMS signals are made comparable (for example, by normalization of signal levels). An example profile is given in Fig. 5 . Here, the ZnO profile is calculated from the average of the Zn and O signals. The CdS profile is an average of the Cd and S signals and the CIGS profile is based on the average of In, Ga, and Se. The signals were further normalized such that the sum of the ZnO, CdS, and CIGS values totaled one. The Cu signal is shown alone and normalized to 0.33 to give a comparison of its depth profile to those of the major materials. This normalization procedure was done consistently for all the samples to establish qualitative conclusions that supplement the other measurements. Explicit quantification of the atomic profiles with standards is not expected to influence our overall conclusions. In the STEM-EDS measurements, the Ga and Se profiles change relatively abruptly at the CIGS/CdS interface. This is similar to the SIMS result, which shows an abrupt rise in the Se signal, although the Ga signal increases more slowly overall, suggesting a Ga-depleted region near the interface. The striking feature is that the Cu signal rises nearly 200 s earlier in the sputter depth profile, corresponding to ∼70% of the thickness of the CdS layer or ∼30 nm of penetration of the majority of the Cu into the CdS. This is consistent with the STEM-EDS measurements and confirms that the observation of Cu in the CdS is not a local phenomenon.
Another typical STEM-EDS map from a different TEM specimen is shown in Fig. 6 . We find some local domains in the CdS where Cd is completely depleted and replaced by Cu, as indicated by the circled region in Fig. 6(a) . Quantitative EDS analysis reveals the composition of this region to be: Cu66.0 ± 6.6%, Cd0.6 ± 0.6%, and S33.4 ± 3.8%, which is very close to Cu 2 S. Fig. 7 is an HREM image of the highly Cd-depleted region taken before acquiring the STEM-EDS maps. The square yellow box corresponds to the circled region in the Cd map in Fig. 6(a) . From the fast Fourier transform (FFT) pattern of the image in the yellow boxed region (see inset), the structure can be determined and is described well as Cu 2 S (International center for diffraction data file number 00-053-0522). The enlarged HREM image inset clearly shows the lattice fringes of the cubic Cu 2 S phase. Thus, in some cases, the heterojunction partner material in some portions of the heterojunction is apparently Cu 2 S, epitaxially grown on the CIGS with the same orientation as we reported for cubic CdS on CIGS [15] . Cu 2 S is a known p-type semiconductor and was widely studied for CdS-Cu 2 S solar cells [26] , [27] . It has a comparable bandgap to CIGS and can potentially form its own collecting heterojunction with the CdS surrounding it. As with CdS, Cu 2 S contains a large number of defects and, thus, is not expected to yield photocurrent from the Cu 2 S itself. However, various nonstoichiometric Cu 2-δ S phases are known to exist, and further study is required to determine the precise properties of the material we observe here.
IV. DIFFUSION SIMULATIONS
To better understand the observed anisotropy of Cu-rich layers and the difference in Ga depletion between the two different CdS phases, we performed hybrid functional calculations to assess the diffusivity of the relevant Ga and Cu defects in both wz-CdS and zb-CdS. Specifically, we evaluated the migration barriers for positively charged Ga and Cu interstitials (Ga Cd ), since these defects have previously been found to be the relevant configurations for n-type CdS buffer material [24] , [25] . The re- The barriers are reported for paths perpendicular () and parallel (||) to the heterointerface, corresponding to the (0 0 0 1) plane in wz-CdS and (0 0 1) plane in zb-CdS, as described in the text.
sults are included in Table I , where we observe several features that can explain the observed behaviors in the different phases.
Our results suggest that both Ga
Cd are more mobile in zb-CdS, exhibiting lower migration barriers that are effectively isotropic compared with wz-CdS. We find this is qualitatively consistent with our line profiles, where the more diffuse Ga profile across the CIGS/zb-CdS interface may be a result of more facile Ga diffusion by interstitial or vacancy-assisted hopping through the formation of A-center vacancy complexes [24] , [28] .
We note that despite the fact that Ga + i can exhibit lower migration barriers than Cu + i , a larger concentration of Cu can be assumed to be present in the buffer from the observed elemental maps in Figs. 2 and 3 and the formation energies reported in previous studies [24] , [28] . Those earlier studies report that Cu + i is more favorable than Ga + i in n-type CdS for all process conditions, predicting a lower overall activation energy for Cu incorporation. The migration may also be influenced by the different CIGS surfaces that favor the epitaxial growth of the different CdS phases [15] , as the different CIGS surface terminations may exhibit different degrees of stoichiometry variations [29] , [30] . In Table I , we show that Cu + i exhibits a strong anisotropy for diffusion in wz-CdS, consistent with the observed EDS profiles in Fig. 3 . The migration barrier for Cu + i along (0 0 0 1) planes is significantly lower than perpendicular to (0 0 0 1) planes, suggesting Cu migration along (0 0 0 1) planes in wz-CdS is preferred compared with perpendicular paths away from the interface. This agrees well with our experimental observations over a number of regions in the sample that clearly show Cu migration preferentially occurred on (0 0 0 1) planes [see Fig. 3(b) ]. In the case of the zb-CdS phase, the distribution of Cu is suggested to be more isotropic according to the calculated barriers. However, the experimental Cu map in Fig. 2(c) shows anisotropy of Cu-rich layers similar to the case of wz-CdS. This suggests that the distribution observed here is concentration driven, since the gradient of Cu concentration is consistent with the growth direction of the Cu-rich layer (perpendicular to the heterointerface). Another possible, more intriguing, explanation can be Cu migration driven by an electric field at the heterojunction that could facilitate clustering. Further studies are needed to correlate the Cu distribution with measurements of the local electric field at the absorber-buffer interface, for example, via scanning Kelvin probe microscopy or electron holography, to help resolve the mechanisms for Cu clustering.
We observe some clustering of Cu in both zb-and wz-CdS, which can be explained by our calculated migration barriers and also previous calculations [24] . In n-type CdS buffer layers, Cu most favorably occupies the Cd site and acts as an acceptor (Cu . The larger Ga depletion in the CIGS surface on which zb-CdS is grown can additionally be attributed to the lower migration barriers both along the heterointerface and perpendicular to the interface relative to wz-CdS.
We can assess the strength of the attraction of Cu from the binding energy of the (Cu i −Cu Cd ) 0 neutral complex, which we define as the difference in formation energies of the isolated constituents relative to the complex. Our binding energies calculated with the HSE06 hybrid functional are 0.70 eV in wz-CdS and 0.62 eV in zb-CdS [24] , which indicates that these neutral two-particle Cu clusters will tend to form at room temperature in both phases. The formation of (Cu i −Cu Cd ) 0 coupled with the strong preference for diffusion within the (0 0 0 1) planes in wz-CdS can account for the anisotropic Cu-rich layer observed parallel to the CdS/CIGS interfaces in Fig. 3(b) .
We further considered the influence of V
−2
Cd , which also can electrostatically attract the Cu Cd is predicted to be the most favorable native defect in n-type CdS [24] , [25] , and the concentration is enhanced as a results of the Cd incorporation in the Cu-deficient CIGS surface for both phases. The migration barriers for V
Cd in Table I 
V. CONCLUSION
A STEM-EDS mapping technique was utilized to study the elemental intermixing across the PVD-CdS/CIGS heterojunction with special emphasis on Cu. Uniform Cu-rich domains are found in CdS in both zb and wz phases. The Cu has no pronounced effect on epitaxy but may induce the formation of some stacking faults. SIMS depth profiles also consistently showed the presence of Cu in the CdS. Pure copper sulfide Cu 2 S is also confirmed in some local regions in the CdS matrix. While the open-circuit voltage of the device is reduced somewhat, the resulting heterojunctions still yield high current and fill factor. DFT calculations identify the influence of the crystal phases of CdS on the migration barriers and explain the anisotropy of Cu-rich domains and Ga depletion in the two different phases. This paper gives new insights into the nanochemistry of a PVDCdS/CIGS heterojunction and paves the way for a deeper understanding of how atomic details of the interface affect the resulting device performance.
